The Copper transporter 1, Ctr1, is part of a major pathway for cellular copper (Cu) uptake in the intestinal epithelium, in hepatic and cardiac tissue, and likely in many other mammalian cells and tissues.
The Need for Copper
As life evolved on earth, metals became bioavailable from the geosphere and were incorporated as biochemical co-factors in life-sustaining reactions. Although our understanding of the mechanisms by which metals such as copper (Cu) are harnessed and used in biological systems is recent, the use of Cu has been a crucial factor for the development of human civilization for centuries. It was not until the past century or so that it has been appreciated that Cu plays essential roles in human health with respect to growth, development, cognition, and beyond. Highlights of research implicating Cu in important biological functions include, but are not limited to, Hart and colleagues demonstrating Cu as a critical supplement for the maturation of hemoglobin in rats (1), Wainio and colleagues discovering that the last enzyme in the respiratory electron transport chain, cytochrome c oxidase, requires Cu for its function (2, 3) , and a decade later, McCord and Fridovich demonstrating that Cu is an essential co-factor for the activity of Cu, Zn superoxide dismutase (4) .
Organisms from baker's yeast to humans have instituted sophisticated biochemical mechanisms for ensuring Cu acquisition to meet the needs of growing, developing and metabolizing cells and organs. Copper homeostasis mechanisms in eukaryotic cells have been comprehensively reviewed elsewhere (5) (6) (7) (8) , and other articles in this compendium focus on the Cu transporting pumps, Atp7A and Atp7B, the intracellular Cu chaperones and other components of the Cu homeostasis machinery (Figure 1 ). Here, we encapsulate what is known about how extracellular Cu travels across the plasma membrane to enter into the complex milieu of the cytoplasm en route for intracellular distribution and utilization.
Ctr1: an evolutionarily conserved Cu + importer
Over many years a series of elegant physiological studies demonstrated the presence of specific import pathways that drive Cu acquisition in systems from yeast to humans. While there are likely to be multiple mechanisms for Cu acquisition, given the essentiality of this metal, a key study using the power of genetics in baker's yeast identified the first eukaryotic gene encoding a specific Cu importer, Ctr1 (9) . Based on protein sequence homology searches and functional complementation studies, additional members of the Ctr1 family have been identified across Eukaryota in fungi (10, 11) , plants (12, 13) , fish (14) , amphibians (15, 16) and mammals (17) (18) (19) , setting the stage for detailed studies of the physiological role, mechanisms of action, and regulation of Ctr1 in copper import in model systems and in humans. Some organisms, such as Saccharomyces cerevisiae and the human fungal pathogen Cryptococcus neoformans, harbor two genes encoding functionally homologous members of the Ctr1 family (9, 10, 20, 21) . Moreover, the fission yeast, Schizosaccharomyces pombe, expresses both a Ctr1 family Cu + uptake system and a structurally distinct Cu importer, Mfc1, which is a member of the Major Facilitator transporter superfamily and is largely expressed and active during meiosis (11, 22) .
Therefore, while we focus here on Ctr1, Cu import is likely to be much more complex than we currently appreciate and further studies are needed in model systems to decipher additional mechanisms for Cu acquisition that may be conserved in Nature. The fact that Cu can exist in either the oxidized (Cu 2+ ) or reduced (Cu + ) states further complicates Cu acquisition in terms of bioavailability and specificity of uptake. As Ctr1 is a Cu + transporter, there is an obligatory metallo-reduction event at the plasma membrane prior to, or concomitant with Cu + import. In fungal model systems a number of cell surface Cu 2+ reductases have been identified and characterized (23, 24) , and this activity is required for normal function of the Ctr1 family-dependent Cu + uptake transporters. Little definitive physiological evidence exists for corresponding Cu 2+ reductases in mammalian systems. However, evidence suggests that members of the STEAP family of proteins may play this role (25) . These proteins have been localized to the plasma membrane and to endosomal compartments and their expression is associated with Cu 2+ reductase activity, making them good candidates for functionally coupling to Ctr1-mediated Cu + import in mammalian systems.
Ctr1 structural and mechanistic insights
Ctr1 proteins are integral membrane proteins harboring three trans-membrane domains (TMD) and multiple copper-binding ligands (predominantly methionine, histidine or cysteine) within the extracellular amino-terminus, at the extracellular boundary of TMD2 and in the cytosolic carboxyl-terminus (26) (27) (28) (29) . Although Ctr1 proteins from different species are different lengths and share different degrees of homology, the presence of similarly predicted tertiary structures and region-specific highly conserved amino acid sequences allow Ctr1 proteins from mammals, amphibians, plants and insects to functionally complement the loss of high affinity Cu + transporters in baker's yeast cells (13, (16) (17) (18) 30) .
The human Ctr1 protein is 190 amino acids (aa) in length, with a ~67 aa extra-cellular amino-terminal (ecto) domain and a ~15 aa carboxyl-terminal cytosolic tail (Figure 2) . Through a combination of genetic studies in yeast and Ctr1 −/− mouse embryonic fibroblasts, Fluorescence Resonance Energy Transfer (FRET) experiments, structural analysis, molecular modeling and cell biology studies, an initial picture of the Ctr1 structure and mechanisms of action in Cu + transport is beginning to emerge. Early biochemical fractionation and protease cleavage topological studies, coupled with trans-complementation experiments strongly suggested that both yeast and human Ctr1 function as a homomultimer, most likely a homo-trimer (26, 28, 31, 32) . Subsequent cryo Electron Microscopy Studies (cryoEM) on two-dimensional crystals of membrane embedded human Ctr1 clearly demonstrated its trimeric nature and revealed a pseudo-cone-shaped pore through the lipid bilayer, with a narrow extra-cellular Cu + entry site (approximately 8 Å across, without taking sidechain contribution into account) and a wider exit (approximately 22 Å across, without taking sidechain contribution into account) on the cytosolic side ( Figure 2) (33, 34) . The long ecto-domain, containing an abundance of metal-coordinating methionine (Met) and histidine (His) residues, is glycosylated via both N-linked and O-linked bonds to produce a mature protein of approximately 35 kDa, when analyzed by SDS-PAGE (32, 35, 36) .
Unlike the intracellular Cu + -transporting P-type ATPases Atp7A and Atp7B involved in Menkes and Wilson's disease, respectively, Ctr1 lacks an identifiable ATP-hydrolysis domain to provide energy for Cu + ion transduction across the membrane. Together with the results of studies on the energetic requirements for Ctr1-dependent Cu + accumulation in cell culture (37), these observations suggest that Ctr1 facilitates Cu + movement across membranes in an ATP-independent manner. However, it is not fully understood whether the passive transport of Cu + is driven by the concentration gradient or if other forces stimulate Cu + to traverse the Ctr1 pore. Based on substitution mutants in Cu + -coordinating residues and the Ctr1 cryo-EM structure, a model has been proposed where Cu + moves through the Ctr1 pore by a series of ligand exchange reactions between distinct binding sites and that these reactions induce conformational changes that mediate Cu + movement through the pore (26, 33) .
The ecto-domain of Ctr1 has been reported to coordinate three Cu + atoms via the Met rich motifs and two Cu 2+ atoms through the amino-terminal copper/nickel (ATCUN) and Hisrich motifs (38, 39) . The ecto-domain not only plays a role in Cu import, but it can also bind Ag with a lower affinity (39) , and evidence suggests that Ag traverses through the Ctr1 pore across the plasma membrane (40) . Platinum-based chemotherapeutic agents also bind to the Met rich motifs within the ecto-domain (41) (42) (43) . However, FRET experiments suggest that the platinum is not transferred through the actual pore of Ctr1, but instead the Ctr1 ectodomain binds platinum-based drugs and undergoes endocytosis, thereby serving more as a receptor for delivering this class of molecules into cells (44) . Circular dichroism spectroscopy data suggest that the apo-ecto-domain has a random coil conformation and that the ecto-domain shifts to a -turn when Cu + is bound (45) . These observations support the hypothesis that conformational changes in Ctr1 might be a contributing force for driving Cu + into the pore.
Recent work has begun to clarify many questions concerning the overall structure and likely mechanism by which Cu + navigates through the pore formed by Ctr1 at the membrane. From cryo-EM data, Ctr1 TMD 2 is modeled to line the extracellular portion of the pore and, together with the ecto-domain, create four stacked triad Met rings at the entry of the pore at the border of the plasma membrane (33, 34) . These four Met rings are thought to bind Cu + reversibly and translocate the Cu + atoms from one Met ligand to another, unidirectionally down the pore. Whether the Met motifs in the extracellular amino-terminal domain form additional stacked rings is unknown, but it has been reported that the aminoterminal ecto-domains interact with each other and that the interaction requires both of the Met rich regions (M7 -M12 and M40 -M45) (26, 27) .
It is currently thought that the His-Cys-His motif at the carboxyl-terminal tail of each Ctr1 monomer forms a sink for Cu + to bind to before it is recruited by a Cu chaperone, glutathione, metallothioneins or other Cu-binding ligands (33) . The result is that there is virtually no free cytosolic Cu in cells, making it possible for a concentration gradient to drive the import. However, recently an all-atom model of Ctr1 has suggested that the electrostatic field change along the pore facilitates the movement of Cu + through the pore (46) . This model suggests that a negative charge at the amino-terminus attracts Cu + , with neutral passage at the middle of the pore, and a dipole at the carboxyl-terminal tail forming an exit with a positive repelling charge in the middle of the pore and negative charges along the sides forcing the Cu + to exit along the sides of the broad pore. The higher affinity between Cu and Cys compared to between Cu and Met would also contribute to an enrichment of cations in the His-Cys-His sink at the wider dipolar intracellular exit (47) . Taken together, these data support a model where Cu traverses through Ctr1 by contributions of changes in the electrostatic field and conformational changes, together with the concentration gradient.
Unger and colleagues demonstrated that the conserved Gly-XXX-Gly motif (where X is not glycine) in TMD 3 of the Ctr1 family transporters is important for multimerization and for proper localization of the protein to the plasma membrane in yeast (48) . Recent data generated by the use of short peptides instead of the whole Ctr1 protein have indicated that the Gly-XXX-Gly motif may not be a part of the helix structure, but instead forming a flexible linker between two shorter helixes in the third TMD (49) . However, these data do not account for effects by nearby lying helixes in the whole molecule, nor the interactions with lipid bilayers, and need to be further investigated. Supporting this, the Gly-XXX-Gly motif is crucial for proper helix packing in Ctr1 homotrimer and this motif is conserved among the Ctr1 family (48) .
Ctr1 in a physiological context
Mouse models with systemic or tissue-specific deletions of the Ctr1 gene have begun to illuminate fundamental aspects of its role in mammalian physiology. Mice systemically deleted for Ctr1 exhibit severe growth and developmental defects and die during midgestation, demonstrating the clear physiological significance for Cu and its importer in normal mammalian growth and development (50, 51) . Due to this severe effect of systemic Ctr1 knockout mice, tissue specific knockouts of Ctr1 have been valuable tools. Liver, intestinal, and heart specific knockout mice models have all given essential insights into the physiological roles of the Ctr1 protein.
Intestinal knockout of Ctr1 in mice results in severe postnatal growth defects, cardiac hypertrophy, hepatic iron accumulation, fail to thrive and death around weaning (52) . These data clearly demonstrate that Ctr1 is critical for dietary Cu uptake in vivo. One interesting finding in these mice is that while peripheral Cu levels are reduced, the same intestinal cells in which the Ctr1 gene has been excised, have increased levels of non-bioavailable Cu. It is very intriguing that the intestinal knockout of Ctr1 leads to accumulation of Cu inside intestinal cells. Although this phenomenon is not yet defined these results suggests that Ctr1 might play a role in intracellular transport of Cu from vesicles or other organelles, in addition to its role at the plasma membrane. This hypothesis is further supported by recent experimental data describing a functional interaction between Ctr1 and a related protein, Ctr2 (see below).
As the liver is the primary storage organ for Cu, Ctr1 ablation was carried out in mouse models to understand the role of Ctr1 in liver Cu metabolism. Surprisingly, mice lacking Ctr1 in hepatocytes show normal growth and exhibit low Cu concentrations predominantly in the liver, along with reduced activity of Cu dependent hepatic enzymes and decreased biliary excretion of Cu (53) . Unanticipated findings in these mice were that they have increased urinary Cu concentrations, suggesting an interesting, and largely unstudied role for Ctr1 in urinary Cu reabsorption. Plausibly, Ctr1-dependent Cu resorption may explain why the urinary excretion of Cu under normal conditions is very low. Future studies investigating Cu homeostasis in the kidney will begin to address these interesting observations. Given the roles for Cu in oxidative stress protection, mitochondrial cytochrome oxidase function and peptide hormone maturation, it is not surprising that dietary Cu restriction studies demonstrated that cardiac hypertrophy is an early outcome of Cu limitation in mammals (54) . Indeed, while loss of Ctr1 in the intestinal epithelium also resulted in cardiac hypertrophy (55) it was not clear if this was due to a peripheral Cu deficiency or a cardiacintrinsic requirement for Cu. Consequently, a cardiac-specific Ctr1 knock out mouse was generated to address this question. Ctr1 deletion in cardiomyocytes lead to mice with a cardiac-specific reduction in Cu levels and cardiac hypertrophy, supporting a cardiac intrinsic requirement to prevent hypertrophy. Surprisingly, these same mice exhibited increased Atp7A expression in both liver and intestinal enterocytes, and reduced Cu levels in liver, with a corresponding increase in circulating Cu in the serum (55) . Together, these results suggest that loss of Ctr1 in cardiomyocytes elaborates a signal that provokes the liver, as a major Cu storage organ, to express elevated levels of ATP7a in order to mobilize Cu into the periphery. The nature of this signaling mechanism, and its role in normal systemic Cu regulation will be a fascinating area for future investigation. While Ctr1 −/− mice die approximately mid-way during gestation (50, 51) , Ctr1 knockout mouse embryonic fibroblasts (MEFs) are viable and accumulate approximately one third of the Cu found in wild type MEFs. Moreover, Ctr1 −/− MEFs harbor a low affinity Cu uptake activity, with features that suggest Cu 2+ may be a relevant substrate (37) . Whether this is a carrier bound Cu uptake, e.g. ceruloplasmin mediated Cu uptake mechanism, or due to other transporters that transport Cu + or Cu 2+ , remains to be elucidated. An alternative mechanism for mammalian Cu acquisition has been proposed that involves the transport of copper-chloride complexes by an anion exchanger (56) . However, confirmation of this observation awaits both the identification of the anion exchanger and demonstration that its genetic ablation in cells or animals results in physiological Cu deficiency in vivo. Another possibility is that there is a mammalian counterpart to the recently identified Cu importer Mfc1 in S. pombe (22) . As S. pombe mfc1 functions in Cu accumulation during meiosis, this discovery sets the stage for the identification of novel copper transporters, and Cu-dependent proteins, that may operate in the germ line or in stem cell differentiation. An additional study suggests that the human zinc importer Zip4 (Zrt-and Irt-like protein 4), expressed in Xenopus laevis oocytes, transports Cu across a wide concentration range (57) , raising the exciting possibility for a role of Zip4 in mammalian Cu uptake.
Ctr1 and metallochaperones
The Cu homeostasis network invokes a series of Cu ligands, importers, carriers, recipient proteins and exporters to achieve a harmonious balance (Figure 1) . Many of the nodes in this network have been identified over the past twenty years, but the precise molecular mechanisms underlying their function, regulation and interactions are still poorly understood. Once Cu has been transferred through the Ctr1 channel it has been hypothesized that a recipient protein will bind Cu + immediately when the Cu is still bound by the His and Cys ligands at the cytosolic carboxyl-terminus of Ctr1 to ensure that no free copper exist in the cell.
The Cu chaperone Atox1 transfers copper to Atp7A and Atp7B and in yeast (Atx1) has been shown to bind directly to the intracellular domain of Ctr1 (58). Furthermore, both Atox1 and CCS possess the capacity to interact with lipid bilayer membrane, somewhat in line with this hypothesis (59, 60). Hatori et al. (61) recently proposed that the production of reactive oxygen species (ROS) and the state of the redox environment plays an important role for recruiting Atox1 to the carboxyl-terminal tail of Ctr1. Atox1 binds Cu with a CXXC domain (62) and reversible Cys oxidation has been implicated in the function of Atox1 (61) . Given the critical role of Atox1 in Cu excretion via Atp7A and Atp7B, the redox modulation of Atox1 is likely to affect the overall Cu distribution and homeostasis in cells and in organisms. Reversible Cys oxidation has also been demonstrated to be involved in the function of another Cu chaperone, CCS (copper chaperone for superoxide dismutase) that requires Cys oxidation for the maturation of Cu, Zn SOD (63) . These modifications of Cu chaperones might partially explain why Cu homeostasis is influenced by the cellular redox environment and might help us to further understand how the Cu homeostasis is sensed and communicated in cells.
Tightly linked to the redox environment, a recent study also demonstrated that glutathione might be a recipient peptide able to receive Cu from Ctr1 as an intermediate step before delivering Cu to Atox1 and CCS (64). The intracellular glutathione levels then influence the Ctr1 dependent Cu uptake in cultured cells. The binding affinity of Cu to glutathione is lower than to Atox1 and CCS, but the ubiquitous abundance of intracellular glutathione molecules makes this a potential scenario. Furthermore, high glutathione levels reduce the CXXC binding site of Atox1 and low glutathione levels keep the binding site in an oxidative state, leading to formation of a disulfide bond, inhibiting interactions between Atox1 and Cu (61) . Based on these data one might hypothesize that while Atox1 directly interacts with Ctr1, intracellular glutathione levels are able to modulate the affinity of Atox1 for Cu and in an indirect manner affect the cellular uptake of Cu and Atox1 delivery of Cu to the two ATP-ases. Further work must be carried out in both in vitro models as well as in whole animals to advance the understanding of the roles glutathione may play on Cu uptake and homeostasis in higher Eukaryotes.
Post-translational modifications of Ctr1
Current information suggests that the regulation of Ctr1 occurs predominantly at the level of transporter localization and abundance (35, 65) . Ctr1 is present at the plasma membrane at times of cellular demand for Cu and on the membrane of intracellular vesicles, partially as a result of Ctr1 clathrin-mediated endocytosis in response to elevated exogenous copper (29, 35, 66, 67) . Between cultured cell lines the cellular localization of Ctr1 differs substantially, possibly reflecting differences in the overall cellular Cu status of different cell types or differences in the abundance or activity of the trafficking machinery (28, 32) . Moreover, elevated Cu levels have been shown in mouse intestinal epithelium and cultured cell models to increase Ctr1 protein degradation (35, 65) .
Although Ctr1 is a relatively small protein, the regulation of its abundance, activity, trafficking and interactions with other molecules could, in principle, be tuned by posttranslational modifications. This is particularly relevant since, although transcription of the Ctr1 gene in vertebrates has been reported to be regulated both by cellular Cu levels (68) and the Sp1 transcription factor (69, 70) , transcriptional control appears to be relatively modest in most cells and tissues evaluated to date. In contrast, there is a growing body of evidence demonstrating that Ctr1 is post-translationally modified, with potential functional consequences (35, 71) .
Ctr1 possesses two glycosylation sites within the ecto-domain, one N-linked modification at Asn15 and one O-linked glycosylation at Thr27 (Figure 2) (32, 36) . Mutational studies have shown that the O-linked glycosylation protects Ctr1 against proteolysis of the ecto-domain (36) . When the O-linked glycosylation is prevented, the Ctr1 ecto-domain is cleaved more frequently, generating a truncated protein with an approximately two-fold reduction in Cu + transport activity (36) . This cleavage event has been shown to occur largely in Rab9-positive vesicles (72) , which travel from the late endosome to the golgi compartment and are involved in the recycling of mannose 6-phosphate receptors. It will be fascinating to understand the role the ecto-domain cleavage plays in Ctr1 function specifically and copper homeostasis in general. Moreover, the identification of the proteases involved in Ctr1 ectodomain cleavage, and the potential regulation of cleavage by glycosylation, could lead to important insights into new mechanisms for the regulation of Cu acquisition. Patients having deficiency in the protease responsible for cleaving the ecto-domain might also have disturbed Cu homeostasis.
The homologous protein Ctr2
In mammalian cells the Cu transporter 2 (Ctr2) protein was identified by homology to Ctr1 (18) . Based on transfection and RNAi-mediated knock down studies in cultured cells, Ctr2 has been suggested to function as a low affinity copper importer (73), a lysosomal copper exporter (74) , and as a regulator of macropinocytosis (75) . Recent experimental results, based on the generation of a systemic knock out of the mouse Ctr2 gene, suggest an additional function for this protein. Surprisingly, Ctr2 −/− mice, and their corresponding mouse embryonic fibroblasts, accumulate Cu well above that of the wild type littermates and cells, with Cu concentrated in endosomal or lysosomal compartments (76) . This phenotype, and other biochemical data, suggest that Ctr2 plays a role in the biogenesis of a form of Ctr1 in which a large portion of the metal-binding ecto-domain has been cleaved ( Figure 1) . As a truncated form of Ctr1 has been shown to import Cu less efficiently than wild type protein at the plasma membrane, the strong diminution in the levels of truncated Ctr1 would explain why the Ctr2 −/− animals have increased cellular uptake of Cu. Additionally, the entrapment of Cu in endosomal compartments in Ctr2 −/− MEFs, and its mobilization by ectopic expression of truncated Ctr1, suggest that the truncated form of Ctr1 plays a role in the mobilization of endosomal Cu into the cytosol.
Conclusions and perspectives
Although Menkes and Wilson's diseases are caused by mutations in the ATP7A and ATP7B genes, respectively, there is clearly broad variability in the clinical severity and biochemical phenotypes of these patients. While some of this variability is due to specific disease geneassociated mutations and the functional roles of specific amino acid residues or mRNA splice sites, it is also likely that alterations in the expression, function, subcellular trafficking, or regulation of other proteins intimately involved in Cu homeostasis are critical disease modifiers. As a major pathway for cellular Cu acquisition in the intestinal epithelium, hepatic cells, cardiac tissue, and likely in most mammalian cells and tissues, Ctr1 occupies a strategic position to exert a strong modifying influence on disease, and other pathophysiological states caused by, or perturbed by, imbalances in Cu homeostasis. Moreover, it is likely that amino acid substitutions on the Ctr1 coding region that perturb, but do not abrogate function, may be linked to human disease. A more thorough understanding of the mechanisms that regulate Ctr1 abundance, trafficking and function will provide new insights and opportunities for understanding how Ctr1 may both cause and modify human Cu-related diseases. Schematic model depicting the key players involved in mammalian cellular acquisition, intracellular distribution, sensing, and mobilization of copper (Cu). ATOX1, antioxidant protein 1; Atp7A and B, copper transporting ATPaseA and B; CCO, cytochrome c oxidase; CCS, copper chaperone for SOD1; Ctr1 and 2, copper transporter 1 and 2; MT, metallothionein; SOD1, Cu/Zn-superoxide dismutase; tCtr1, truncated Ctr1. Structural model of three fully glycosylated Ctr1 monomers in a lipid bilayer forming a functional Ctr1 transporter. The TMD 2 of all three Ctr1 monomers lines the entrance of the pore and all nine TMDs from the three monomers line the exit of the pore. Cu + is bound by the Met and His rich motifs in the three Ctr1 ecto-domains probably causing a conformational change of the transporter allowing Cu + to enter the pore. Met, methionine; His, histidine; Cys, cysteine; MX 3 M, crucial motif for Cu transport; TMD1-3, Ctr1 monomer number 1; TMD1′-3′, Ctr1 monomer number 2.
